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The objective of this work is to simulate the degradation of thermal protection materials
that is typically encountered during the (re)entry phase of a spacecraft. Ablative porous
materials that can accommodate high heating rates and heat loads through phase change
and mass loss are considered in this paper. As a first part of an ongoing study on the
development of a numerical solver, code-to-code verification is performed. The solver
features a high-order discontinuous Galerkin approximation and solves the volume-averaged
Navier-Stokes equations in order to treat the gas and solid phases of the porous media in
the same domain of computation. The treatment of pyrolysis reactions using the state-
of-the-art Goldstein’s model is implemented for the first time in this framework. All our
results show good agreement with open literature standard verification test cases.
Nomenclature
Latin
A0 Arrhenius rate coefficient, s
−1
e Thermal energy, J kg−1
Ea Arrhenius activation energy, J mol
−1
Etot Total energy, J kg
−1
Fgs Momentum exchange, kg m
−2 s−1
h Enthalpy, J kg−1
h0f Formation enthalpy, J kg
−1
H Total enthalpy, J kg−1
J Diffusive flux, kg m−2 s−2
k Forward reaction rate
n Arrhenius reaction order
Np Number of pyrolysis processes
Ns Number of species
p Pressure, Pa
r Radius, m
R Universal gas constant, 8.314 J mol−1 K−1
S Specific surface, m−1
T Temperature, K





λ Thermal conductivity, W m−1 K−1
ξ Extend of reaction
ρ Density, kg m−3
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τ Viscous stress tensor, Pa
ω˙ Decomposition rate, kg m−3 s−1
Mathematical operators
〈·〉 Superficial average operator














Ablative thermal protection materials have been and still remain the most largely used materials for
the heat shield of spacecraft of extra-orbital entry missions. They have proven to be successful during
atmospheric entries of Stardust or Mars Science Laboratory missions, and more recently of SpaceX Dragon
capsule. Those ablative porous materials can accommodate high heating rates and heat loads encountered
during hypersonic entry1 through phase change and mass loss. The ablation of those reinforced fiber/resin
composite materials occurs mainly in two steps.2 First, the resin is progressively pyrolyzed, producing
pyrolysis gases that percolate through the surface of the material and a carbonaceous residue that deposits
on the fibers, called the char. Then, this charred material is ablated simultaneously by chemical reactions,
sublimation and spallation.
Studies on ablative materials goes back in the 60’s with the experiments of Goldstein and Sykes3 and
the development of state-of-the-art material response codes.4,5 Since then, these material have been under
investigation on both the experimental and numerical sides. Recently, experiments have been performed in
the NASA flow tube reactor to replicate fibers oxidation.6 A large test campaign was also performed inside
the VKI Plasmatron facility to test those new lightweight ablative materials, using leading-edge measurement
techniques and providing a large set of experimental data like material surface recession, surface temperature,
or mixture species.7 This modernization of past experiments lead to the development of new physico-chemical
models and on the numerical side, to the improvement of the accuracy of numerical softwares. On one side,
material response codes are progressively tighly coupled to computational fluid dynamics solver, exchanging
boundary conditions dynamically.8,9 On the other side, innovative approaches to simulate both the material
and the flow in the same domain of computation (this approach will be referred as to a unified approach, in
contrast to the former decoupled methodologies) has been developed over the past years.10,11 Following this
idea, Schrooyen developped a computational tool that implements Navier-Stokes equations that are averaged
in volume, and space discretization is performed using a discontinuous Galerkin approach. Currently, this
solver was shown to be able to predict the recession of porous thermal protection materials made of carbon
fibers12 but it is not yet able to consider the whole ablation process of ablative composite materials.
In this paper, the recent developments about the modeling of the ablation process by means of a unified
flow-material solver are presented. A new module accounting for the pyrolysis is introduced and implemented
within the multi-dimensional tool Argo, developed at Cenaero by Schrooyen.11 This new module is then
verified on two different test cases of pyrolyzing ablative materials. The paper is presented as follows: first,
the equations used to described the decomposition process of a composite material made of solid fibers
and a resin are described in Sec. II and the final set of Volume-Averaged Navier-Stokes (VANS) equations
are presented. Verification test cases are then presented in Sec. III. Code-to-code comparisons against
state-of-the-art ablation workshop test cases are finally performed and results are discussed.
II. Flow in pyrolysing reactive porous media
In a previous paper, a continuum approach developed to go progressively from a plain fluid region
to a porous medium made of carbon fibers was presented.a The VANS equations for a non-charring re-
active porous medium were introduced and implemented inside the so-called numerical solver Argo by
Schrooyen.11,12 These equations were used to solve flow in porous media with a model accounting for oxi-
aP. Schrooyen, J. Coheur, A. Turchi, T. Magin. Numerical Simulation of a Non-Charring Ablator in High Enthalpy Flows
by Means of a Unified Flow-Material Solver.
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dation of the solid fibers using averaged variables over an elementary volume. In this paper, we address the
treatment of low-density reactive porous materials made of several solid phases, describing for example the
resin content of a composite thermal protection material.
This section describes the model for pyrolyzing material that was implemented inside the numerical solver
Argo. The implementation of state-of-the art models described in Sec. II.A accounting for the thermal
degradation and charred oxidation of an ablative composite material inside the numerical tool constitutes
the main contribution of this work. Attention is focus on carbon/phenolic materials like PICA or Asterm,
which use is dedicated to their integration in thermal protection systems.
II.A. Model for Pyrolysis
The solid medium is considered to be made of fibers with a resin filling matrix in between them, as sketched
in Fig. 1 (left). The average solid density is expressed as the sum of the two average densities
〈ρs〉 = 〈ρf〉+ 〈ρm〉 (1)
where the subscript f denotes the fibers and m the matrix. It can be defined in terms of intrinsic average
solid densities (the averaging operation is performed only on a single phase) as
εs〈ρs〉s = εf〈ρf〉f + εm〈ρm〉m (2)
where εf and εm denote the fibers and matrix fractions respectively. The solid mass conservation equation
reads
∂t (εf〈ρf〉f + εm〈ρm〉m) = 〈ω˙het〉+ 〈ω˙pyro〉, (3)
where 〈ω˙het〉 and 〈ω˙pyro〉 denote respectively the decomposition rate due to heterogeneous reactions (e.g.
fibers oxidation) and pyrolysis reactions. A model for heterogeneous reaction were presented in a previous
paper12 and here we focus on the development of a model for pyrolysis decomposition. For a general Np step





The rate of decomposition of each resin compound I is expressed by means of an Arrhenius-type law
∂t〈ρI〉 = −A0,I〈ρvI〉 exp
(−EaI
RT




where A0,I is the specific reaction constant (s
−1), EaI is the Arrhenius activation energy (J/mol), R the
universal gas constant (J/mol-K), nI the reaction order, 〈ρvI〉 and 〈ρcI〉 the initial virgin and char density of
the resin compound I. Virgin and char average resin species densities express as
〈ρvI〉 = F vI 〈ρvm〉, (6)
〈ρcI〉 = F cI 〈ρcm〉, (7)
where F vI and F
c
I are defined as the fraction of virgin and char matrix corresponding to the fake resin










F vI ξI . (9)
The production term in the right-hand-side of Eq. 3 were decomposed between a contribution from the
heterogeneous reactions with the fibers and a contribution coming from the resin decomposition of each solid
species 〈ω˙〉 = 〈ω˙het〉 + 〈ω˙pyro〉. Because there are several competitive pyrolysis reactions, the total rate of
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II.B. Charred material modeling
The resin binders is thermally degraded and progressively transformed into a low-density carbon residue,
forming with the carbon fibers what is called the charred material. First, we recall the model for the
heterogeneous production term for simple carbon fibers
〈ω˙hetf 〉 = −Sfkf〈ρi〉g, (11)
where Sf is the specific surface, kf is the reactivity of the fibers, and 〈ρi〉g the intrinsic density of a reactant
i. For the charred matrix, a similar expression is used for the heterogeneous production term
〈ω˙hetm 〉 = −Smkm〈ρi〉g (12)
As a first approximation, the reactivity of the charred material km is assumed to be the same as the one
of the single fibers, i.e. km = kf. However it should be kept in mind that the reactivity of the carbonized
matrix is theoretically higher. The structure of the matrix includes many more defects that the carbon fibers
and a second estimation of the reactivity could be for instance km = 10kf,








Figure 1: Simplified sketch of the virgin material (left) and the model for the charred material (right) with
the carbonaceous residue surrounding the fibers.
II.B.1. Matrix surrounding the fibers
Considering the model for carbon fibers recession of a single fibers, a model of char surrouding the fibers
as sketched in Fig. 1 (right) is the most straightforward to adapt. When heated, the resin pyrolyses and a
charred material is left. During this decomposition process, this charred material is assumed to shrink and
surround the fibers, increasing their initial radius. An equivalent fibers radius is thus defined as
re = rf,0 + ec, (13)
where ec denotes the char thickness. Expressed in terms of the solid fraction εs and the initial fiber fraction






which has exactly the same formulation as the simple non-charring material made only of carbon fibers,
except that the equivalent radius can have values bigger than the initial fiber radius rf,0. Indeed, the solid
fraction εs can have a value higher than the initial fiber fraction εf,0 because of the presence of the charred
stemming from the resin pyrolysis. Following the same development as for non-charring materials, the specific
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which is valid for both the charred and preform material.
An other way to model the charring process would consist in considering that the matrix is not located
around the fibers but is still filling the void between the fibers as for the resin. The functional relation
between the specific surface and the porosity, that depends on the topology of the medium, is not well
known and experiments on the carbonized matrix would be needed to estimate this dependency.13 This
is not investigated in this work, but it could be interesting to investigate the influence of the model on
the ablation of the porous medium by implementing the two approaches and comparing them to charring
experiments.
II.C. Energy conservation law
The total energy 〈ρEtot〉 is composed of the energy of the fluid phase, in which kinetic energy is accounted,










Because the solid is composed of the fibers and the matrix, we have
εs〈ρ〉s〈e〉s = εf〈ρ〉f〈e〉f + εm〈ρ〉m〈e〉m, (17)
where the internal energy of the matrix 〈e〉m decreases linearly from the internal energy of the resin to the
internal energy of the charred (without the fibers) as a function of the advancement coefficient of reaction.
The effective conductivity λeff, appearing in the diffusive term, is modeled in a first approximation as an
average between the solid conductivity and fluid thermal conductivity, weighted by their respective volume
fraction as
λeff = εsλs + εgλg. (18)
However, we will see later that because of the lack of experimental data in open literature for the thermal
conductivity and the internal energy of the fibers and the resin, these formulas will have to be slightly
adapted for the verification test cases.
II.D. Volume-averaged Navier-Stokes equations
In the previous sections, the averaged equations for the solid mass conservation where described. Concerning
the energy conservation law, the total energy is now the sum of the intrinsic energy of the resin matrix and
of the fibers. Compare to the VANS equations for the non-charring material,12 only the momentum equation
is left unchanged. Recalling the compact form of the system of equations
∂U
∂t
+∇ · Fc = ∇ · Fd + S, (19)
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Finally, the source term is
S =

〈ω˙heti (〈T 〉, 〈ρi〉g, 〈ρs〉)〉+ εgω˙hom (〈T 〉, 〈ρi〉g) +
∑Np
I=1mi,I〈ω˙pyroI (〈T 〉, 〈ρI〉)〉
Fgs
−∑Nsi=1 (〈ω˙heti (〈T 〉, 〈ρi〉g, 〈ρs〉)〉+ εgω˙homi (〈T 〉, 〈ρi〉g))h0f,i . . .
−∑NpI=1 (〈ω˙pyroI (〈T 〉, 〈ρI〉)〉h0f,I +∑Nsj=1mj,I〈ω˙pyroj,I (〈T 〉, 〈ρI〉)〉h0f,j)∑Ns
i=1〈ω˙heti (〈T 〉, 〈ρi〉g, 〈ρs〉)〉∑Np
I=1〈ω˙pyroI (〈T 〉, 〈ρI〉)〉

. (22)
III. Verification test cases
The pyrolysis module that was implemented in Argo was described in Sec. II. A first simple test case is
used to verify the implementation on a pure heat conduction problem, then pyrolysis reactions are added to
the problem in a second test. The simple 1D code Echion, developed by Schrooyen11 is used for the code-
to-code comparison. This code was developed to demonstrate the capability of a discontinuous Galerkin
approach to simulate flow in porous media. It was furthermore verified on PATO.14 These two numerical
solvers (Echion and PATO) are both material response solvers and therefore do not integrate a fluid part in
the computational domain. Same laws of conservation for the thermal degradation of a resin content and of
conservation of energy are implemented. However, the momentum conservation law (1D) is described by a
simplified Darcy’s law that accounts for mass transport across the porous medium.
Therefore, in this ongoing study, only test cases with a single porous material and no outer fluid phase
are considered. In Sec. III.A, thermal properties and closure equations for the ablative composite material
used in this chapter are presented. Then in Sec. III.B, the numerical set-up of the verification test case is
introduced as well as the boundary conditions. The implementation is verified for two physical phenomenon:
a pure conduction on an ablative composite material in order to test the implementation of the thermal
properties (Sec. III.B.1) and a pyrolyzing test case which considers only thermal degradation (no charred
recession) (Sec. III.B.2).
III.A. Thermodynamic and transport properties for pyrolyzing material
The thermodynamic and transport properties for the virgin and the charred matrix are taken from the
Theoretical Ablative Composite for Open Testing (TACOT). The property values themselves are obtained
from PICA thermal response experiments, for which the properties were derived by a process of matching
FIAT model predictions to experimental arc jet data.15 The TACOT properties are available in the open
literature and is therefore well suited for material response code comparisons.16,17
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III.A.1. Thermal conductivity
Thermal conductivity of the TACOT is an average between the fluid and the solid phase. Therefore, the
effective conductivity implemented in Argo in Eq. 18 must be changed when considering the TACOT material
in order to no take into account two times the gas conductivity.
The material conductivity is assumed to change linearly with the global advancement of the pyrolysis
process ξ between virgin and charred solid conductivities as
λeff = (1− ξ)λvs + ξλcs . (23)
The thermal conductivity is a function of temperature and is fitted using a 4th order polynomial for which
the theoretical validity temperature range is T < 3333K. When all pyrolysis reactions are completed, ξ = 1
and the effective thermal conductivity remains constant. The virgin and charred conductivities are plotted
in Fig. 2. For the comparison, the thermal conductivity of pure carbon is also represented.



















Figure 2: Comparison of the solid thermal conductivities of the virgin TACOT, charred TACOT and solid
carbon.
III.A.2. Permeability and tortuosity
In addition, permeability and tortuosity must be provided to the code for the closure of the system of
equations. Initial permeability and tortuosity were also obtained from the TACOT material. For the








Regarding the tortuosity, an initial value of 1.2 (virgin material) is adopted and it evolves linearly between
freestream tortuosity (η = 1) and its initial value
η =
1− η0
1− εg,0 (εg − 1) + 1. (25)
III.A.3. Enthalpy and heat capacity
The TACOT properties are fitted to the NASA-7 polynomials for they used in the internal library of Argo.
They are shown in Fig. 3 for the virgin and char states.
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Figure 4: Sketch of the domain and boundary conditions for the Ablation Workshop test case.
III.B. Ablation Workshop Test Case 1
A series of test case have been recently set up for comparing the different codes for ablative-material sim-
ulation.16,17 Those test cases are generally used to validate new software and to observe the effect of the
different hypotheses of the model implemented. The first ablation test case is a simple one dimensional
geometry in which there is no recession of the material surface. In this case, we consider the two following
test cases. The first one is a simple heat transfer problem where no pyrolysis reaction occur and the other
one considers that chemical reactions and momentum transport occur. The first case will allow to verify the
pure conduction inside the material. All the hypotheses are the same comparing Argo and Echion and the
results should be very similar. For the second test case, results are expected to change slightly.
The mixture for the two test case is a simple one made of only CO species. By doing so, the diffusion
through the surface of the material is omitted for now. The simple mixture of CO has moreover thermody-
namic properties of the same order as for the real pyrolysis gases but there is no need to know the elemental
mass fraction. A sketch of the computational domain is given in Fig. 4. The material sample is heated from
the top during 60 s at a temperature of 1644 K. The temperature increases gradually during 0.1 s before
reaching its maximum value. The domain is a 5-cm high sample which is made of carbon fibers with a
phenolic-resin matrix in between them. Thermodynamic and transport properties of the resin are taken for
the theoretical TACOT material, which are generally used for code-to-code comparison. Finally, the mesh
is made of 160 quadrilateral elements with a mesh refinement close to the surface.
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Figure 5: Surface temperature of the test sample.
III.B.1. Pure conduction
A first simulation of pure heat conduction in the material is first tested by deactivating the pyrolysis reactions.
The same results should be obtain between Argo and Echion as the heat equation is the same for both. The
material is heated during 60 s from the top surface. Temperature propagates inside the material towards
the end of the domain as shown in Fig. 5. The total length of the material is long enough in order that the
bottom boundary does not influence the conduction inside the material.
For the comparison, the temperature is extracted at different positions below the surface of the material.
The evolution of these “thermocouple” measurements are obtained as a function of the injection time. Results
are shown in Fig. 6.
As expected, the temperature extracted at the different thermocouples show a very good agreement with
the material code Echion. Indeed, a difference of less than 1% is observed between the two codes due to the
mesh refinement at the top of the surface with the solver Argo.
III.B.2. Pyrolyzing material with no surface recession
For the second test case, the thermal degradation of the resin in considered. There is no recession of the
fibers and the surface position remains constant. Therefore, the material is losing mass only due to the
pyrolysis of the resin and parameters for the material decomposition need to be specified.
In his experiments, Goldstein3 observed by means of thermogravimetric analyses two maxima in the rate
of weight loss for the phenolic resin he studied, suggesting that the pyrolysis of the resin takes place in two
major reactions (denoted here A and B). Following this idea, the volume-averaged matrix density can be
expressed as the sum of two fake resin components A and B
〈ρm〉 = 〈ρA〉+ 〈ρB〉 (26)
that will decompose at two different rate of reactions. The thermal degradation rate are coming from
Goldstein thermogravimetry measurements which were fitted to the Arrhenius-type law of Eq. (5).3 The set
of the Arrhenius parameters used are summarized in Tab. 1.
Once again, the injection time of the sample is 60 s and the measurements of the thermocouples are
plotted against the results obtained from Echion in Fig. 7. Results show to be in good agreement at low
temperature, when the material starts to heat up at a given location. When the temperature rises above
roughly 500 K, the curves starts to diverge slightly and the temperature computed with Argo reaches a
lower value. This difference is attributed to the different law for momentum conservation that is implemented
in the two codes.
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Figure 6: Temperature inside the material (thermocouples).








Reaction A 1.40× 104 8556.53 3.0 0.25 0
Reaction B 4.48× 109 20441.26 3.0 0.75 0.5
III.B.3. Mass blowing, char and virgin zones
For the pyrolyzing material, mass blowing through the top surface can be computed and compared as well
with other material codes. The blowing through the surface is given by the density of the gas times the
velocity through the surface. The single mixture species considered here was the CO and the blowing rate
is shown in Fig. 8a. Results are again plotted against Echion. A lower value for the blowing is observed
with Argo but the two results are in close agreement. This was expected as the temperature obtained with
Argo is lower and so is the rate of decomposition of the material.
The position of the virgin and the char zones within the material are also compared. The front of the
zone is defined using a thresholds value for the resin and charred densities given by
ρvt = ρ
c
m + 0.98 (ρ
v
m − ρcm) , (27)
ρct = ρ
c
m + 0.02 (ρ
v
m − ρcm) , (28)
where t stands for threshold value. Results are shown in Fig. 8b and appear to be again in good agreements
with Echion. Discrepancies of less than 5% are observed which were attributed again to the difference in
momentum laws.
IV. Conclusions
A model accounting for the thermal degradation (pyrolysis) and the char oxidation of carbon based
pyrolyzing materials was integrated into the ablation module of Argo. The model for the pyrolysis assumes
different rate of decomposition; one solid mass conservation equation is added for each reaction.
Two test cases were proposed to verify the implementation of the pyrolysis module. Both test cases were
validated against the material response code Echion and showed good agreements with the results. When
mass production was considered, slight differences in the result were observe due to the difference in the
momentum law implemented.
It was not possible to validate a full test case accounting for pyrolysis and charred recession because of the
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Figure 7: Temperature inside the material (thermocouples).
























(a) Pyrolysis gas blowing.




















(b) 98% virgin and 2% char fronts.
Figure 8: Comparison of CO blowing, virgin and char edges obtained with Echion and Argo solvers.
lack of material properties available and numerical test cases in literature for code-to-code comparison. The
implementation of charred oxidation modeling will be further investigated and full numerical simulations of
the thermal decomposition of carbon-phenolic material under real entry conditions will be finally performed.
Ablative material test data from the von Karman Institute plasma wind tunnel will be used extensively to
compare with the simulations results.7 This solver, featuring a unified approach accounting for the pyrolysis
of a reacting porous medium, is the first of its kind to be developed and opens the opportunity to study a
wide range of applications.
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